Sequential Quantum Teleportation of Optical Coherent States 
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We demonstrate a sequence of two quantum teleportations of optical coherent states, combining 
two high-fidelity teleporters for continuous variables. In our experiment, the individual teleportation 
fidelities are evaluated as Fi = 0.70 ±0.02 and F2 = 0.75 d= 0.02, while the fidelity between the input 
and the sequentially teleported states is determined as F^'^^ = 0.57 di 0.02. This still exceeds the 
optimal fidelity of one half for classical teleportation of arbitrary coherent states and almost attains 
the value of the first (unsequential) quantum teleportation experiment with optical coherent states. 



I. INTRODUCTION 

By utilizing shared entanglement and classical com- 
munication, quantum teleportation [1] enables one, in 
principle, to transfer arbitrary quantum states with unit 
fidelity. In a realistic scenario, typically, a receiver ob- 
tains an imperfect version of the sender's state. If the 
receiver decides to teleport his approximate version to a 
third party, the original quantum state will further de- 
grade when it arrives at the final destination. Such a se- 
quential quantum teleportation therefore requires a suf- 
ficiently good performance of each individual teleporter; 
otherwise the finally teleported state would hardly re- 
semble the input state. 

Most protocols for quantum information processing 
and their experimental realizations are based upon ei- 
ther discrete qubit/qudit or continuous phase-space vari- 
ables. In quantum optical implementations, typically, the 
single-photon-based qubit approach suffers from rather 
low efficiencies, but achieves, in principle, near-unit fideli- 
ties. Combining several single-photon teleporters [2, 3] 
would, in principle, still result in very good fidelities, 
though conditioned upon coinciding detection events at 
very low success rates. 

Conversely, when Gaussian resource states and 
continuous-variable homodyne measurements are used, 
unconditional operations lead to, in principle, near-unit 
efficiencies, even when basic subroutines such as quan- 
tum teleportation are concatenated. The continuous- 
variable approach 0, H, H], however, as it relies on in- 
trinsically imperfect squeezed-state entanglement, will 
never result in arbitrarily high fidelities. In continuous- 
variable (CV) quantum teleportation [7], the teleported 
state is a noisy replica of the input state, with an excess 
noise depending on the quality of the squeezed entan- 
glement resource. Therefore, when quantum information 
is sequentially manipulated through Gaussian resources, 
for instance, via a sequence of teleportation circuits in 
a continuous- variable cluster computation [8], the un- 
wanted excess noise accumulates and leads to increas- 
ingly deteriorating fidelities. In order to achieve still bet- 



ter than classical fidelities, it is thus crucial to improve 
the quality of each individual teleporter. 

So far, a variety of (unsequential) quantum telepor- 
tation protocols have been demonstrated, for instance, 
with photonic qubits [H, Q, optical field modes [9], be- 
tween atoms [iqI, HH , and even between light and atoms 
[12]. Since the first realization of CV quantum telepor- 
tation of optical coherent states H, several related ex- 
periments have followed [H, El, O [H, El, H^. The 
CV quantum teleporter can be characterized by the fi- 
delity F = pout IV^) for an input state |?/^) and a tele- 
ported state pout- If the input state is a coherent state, 
I?/;) = the total fidelity for a sequence of n quantum 
teleportations may be described by ^8| 

F(^) = l/(l + ne-2"), (1) 

where r is the squeezing parameter of the (equally) en- 
tangled, standard two-mode squeezed-state resources. In 
the case of n = 2, at least r = 0.35 is required (corre- 
sponding to two F = 2/3 teleporters) in order to surpass 
the classical limit F^ = 1/2 fig", H [2l|. 

In the present work, we demonstrate an experiment 
of two sequential quantum teleportations of optical co- 
herent states. The input states are teleported from a 
sender ("Alice 1") to a first receiver ("Bob 1") and could 
be retrieved there, as we verify through fidelity measure- 
ments. In a second round of teleportation, the output 
states of the first teleporter are then transferred from 
Bob 1 (now acting as "Alice 2") to a second receiver 
("Bob 2") where they can be verified again via fidelity 
measurements. As we use two high-fidelity teleporters, 
the total fidelity of the output states is still well beyond 
the classical limit, despite the excess noise accumulated 
during the two rounds of quantum teleportation. During 
the entire protocol, none of the participants (the Alice's 
and Bob's) gain any substantial information about the 
input state, though they do obtain some partial knowl- 
edge because of the non-maximal degree of entanglement 
of the finitely squeezed states used for teleportation. 

Based on these results, one could sequentially commu- 
nicate coherent signal states over two different segments 



of a channel, provided the corresponding amount of en- 
tanglement is available in each channel segment. For re- 
alistic, noisy channels, this would require entanglement 
distillation (purification) procedures [22, 23] performed 
prior to the teleportations. In general, however, by divid- 
ing a communication channel into shorter segments [23 |. 
a higher degree of entanglement can be maintained in 
each segment and entanglement distillation will be more 
efficient. Via sequential quantum teleportation, quantum 
information can then be sent to an intermediate station 
where it could be either retrieved or passed on to the 
next station. 

If the total communication channel covers a large dis- 
tance (e.g., 1000 km), it will be necessary to connect some 
of the purified entangled states via entanglement swap- 
ping [25( and repurify the resulting states [24]. Using 
various levels of purification and swapping enables one to 
cover a larger distance compared to sequential quantum 
teleportation. However, after entanglement swapping, 
quantum information can no longer be transferred to the 
intermediate stations and potentially retrieved there. As 
a consequence, in CV entanglement swapping [l5|], re- 
source requirements are less demanding and, in princi- 
ple, any nonzero squeezing value of the initial two-mode 
squeezed states results in a swapped entangled state suf- 
ficient for F > = 1/2 quantum teleportation of co- 
herent states [26] (as opposed to the r > 0.35 squeezing 
limit in sequential quantum teleportation). A compari- 
son between these related schemes is shown in Fig. 1. 

Concerning quantum computation rather than com- 
munication, measurement-based schemes [l^, [lH, [29| 
have been shown to be an interesting alternative to the 
more traditional circuit-based approach. The present 
experiment is also a first step towards a sequential, 
measurement-based manipulation of quantum informa- 
tion during its propagation through an efficient Gaus- 
sian resource state [8j, |30| . A comparison of the current 
sequential teleportation scheme with a protocol in which 
an input state is sent through a linear Gaussian cluster 
state is shown in Fig. 1. 



II. SEQUENTIAL QUANTUM 
TELEPORTATION PROTOCOL 

The quantum state to be teleported here is that of 
an electromagnetic field mode. An electromagnetic field 
mode is represented by an annihilation operator a with 
real and imaginary parts x and p corresponding to the 
"position" and "momentum" quadrature-phase ampli- 
tude operators. These operators x and p satisfy the com- 
mutation relation [f ,p] = i/2 (units- free, with h= 1/2). 

In our experiment, the input state is a coherent state 
for an optical sideband at 1 MHz. The experimen- 
tal setup is shown in Fig. 2. In order to generate 
squeezed vacuum states, we use four subthreshold op- 
tical parametric oscillators (OPOs) with a periodically 
poled KTiOP04 as a nonlinear medium [l^. An output 
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FIG. 1: Comparison of sequential quantum teleportation (a) 
with the propagation of a quantum state through a linear 
cluster state (b) and entanglement swapping plus quantum 
teleportation (c). In the present experiment, the input co- 
herent state is first teleported onto mode 2 as in (a); after 
this first quantum teleportation, the input state, now present 
in mode 2, could be verified by measuring its fidelity; the 
state of mode 2 is then again teleported, this time onto mode 
4. In the cluster scenario (b), the input state is attached to 
the cluster and, in order to send it along the chain to mode 
4, quadrature measurements are performed on each individ- 
ual mode except mode 4; the entangling gate, attaching the 
input mode to the cluster, and the subsequent single-mode 
measurements of the input mode and mode 1 correspond to 
Bell measurement 1 in (a); however, different from (a), in (b), 
there is no intermediate occurrence of the teleported state at 
mode 2, as modes 2 and 3 have been entangled prior to any 
measurements; in (a), the entangling gate between 2 and 3 is 
postponed until Bell measurement 2. Another related scheme 
is (c), including entanglement swapping; here the first Bell 
measurement is performed on modes 2 and 3, leaving modes 
1 and 4 in an entangled state (whose particular form depends 
on the measurement outcomes) ; finally the input state can be 
teleported onto mode 4 via a second Bell measurement of the 
input mode and mode 1; again different from (a), in (c), there 
is no intermediate occurrence of the input state at mode 2. 



of CW Ti: Sapphire laser at 860nm is frequency doubled 
in an external cavity with a potassium niobate crystal. 
The output beam at 430nm is divided into four beams 
to pump the four OPOs. The pump powers are about 
90mW. By combining two squeezed-vacuum states at a 
symmetric beam splitter, we can generate an entangled 
two-mode squeezed ("EPR") state. Using four squeezed 
vacuum states, we generate two pairs of EPR beams in 
order to construct two teleporters. 

In the following, we describe the teleportation process 
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FIG. 2: Experimental setup for sequential quantum telepor- 
tation. OPOs are optical parametric oscillators. EOMs are 
electro-optical modulators. All beam splitters except 99/1 
BSs are 50/50 beam splitters. LOs are local oscillators for 
homodyne detection. 



in the Heisenberg representation. Initially, the sender 
Alice and the receiver Bob share a pair of EPR beams. 
Alice performs a joint measurement on her EPR mode 
(^A, Pa) and the input mode {xin^ Pin)- She combines 
these two modes at a symmetric beam splitter and mea- 
sures Xu = {xin - xa) /V^ and py = {pin + pa) /\/2 with 
two homodyne detectors. The measurement results {xu, 
Py) are then sent to Bob through classical channels with 
gain and gp. 

The (normalized) gains of the classical channels are 
adjusted similar to Ref. [14] and defined as gx = 
{xout)/{xin), gp = {Pout) /{Pin)' The adjusted gains for 
the teleporters 1 and 2 are gxi = 1.00 ± 0.02, gpi = 
1.00 ± 0.02 and gx2 = 1.00 ± 0.01, gp2 = 1.00 ± 0.01, re- 
spectively. For simplicity, these gains are fixed through- 
out the experiment and treated as unity. 

Bob receives Alice's measurement results (x^, Pv) 
through the classical channels and displaces his EPR 
beam (xb, Pb) accordingly, xb Xout = + V^Xu 
and pB Pout = Pb + ^Pv In our experiment, the 
displacement operations are realized via electro-optical 
modulators (EOMs) and highly reflecting mirrors (99/1 
beam splitters). Bob modulates two beams by using 
amplitude and phase modulators, corresponding to the 
displacement of x and p quadratures, respectively. The 
modulated beams are combined with Bob's mode (xb, 
Pb) at the 99/1 beam splitters. 

The teleported mode can be written as [l5[ 

Xout = Xin - {xa-Xb), Pout = Pin + (Pa +Pb). (2) 

Ideally, the EPR beams would have perfect correlations 
such that xa—xb ^0 andpA+PB 0. Hence, the state 
of the output mode, expressed by Xout and pout^ would 
coincide with that of the input mode, Xin and pin. 



III. EXPERIMENTAL RESULTS 

In the real experiment, the teleported state has some 
additional noise due to the finite EPR correlations, i.e., 

Aepr(x) = (^[A{xA-XB)f) + and Aepr(p) = 

[A(pa+Pb)]^^ 7^ 0. In the process of n sequen- 
tial quantum teleportations, this excess noise is added 
n times to the input state. Thus, the variances of the 
output state are 

((A4:f )2) = ((Ai,„)2) + ^ Aepr,(x), 

i 

mi^:?^?) = min?) + ^ aepr,(p), (s) 

i 

where Aepr,^ are the added noise terms of the z-th tele- 
porter. 

Fig. 3 shows the measurement results of the two se- 
quential quantum teleportations. The outputs of the ho- 
modyne detection are measured by a spectrum analyzer. 
The measurement frequency is 1 MHz. Fig. 3 (a) shows 
the input coherent state with the phase scanned. In our 
experiment, an input coherent state is generated by mod- 
ulating a weak coherent beam at 1 MHz. Fig. 3 (b) shows 
the teleported states for the x quadrature ( the p quadra- 
ture is not shown ) . The variances of the teleported state 

are ((Ax« = 2.5 ±0.2 dB and {(Ap« = 2.8 ±0.2 
dB relative to the vacuum noise level. Here superscript 
(1) stands for the output of the first teleporter. Fig. 3 (c) 
shows sequentially teleported states for the x quadrature 
( the p quadrature is not shown ). The variances of the 
sequentially teleported state are {{/S^x^^^f^ Y) = 3.9 ±0.2 
dB and ((Ap[,'J^)2) = 4.0 ± 0.2 dB. Note that the am- 
plitudes of the teleported states are almost identical to 
those of the input states, reassuring that the gains of the 
teleporters are near unity. 

We also evaluate the performance of the second tele- 
porter individually (not shown in Fig. 3). We teleport a 
coherent state by using the second teleporter, and deter- 
mine the variances of the output. The measured vari- 
ances of the output state are {{Ax^^^^Y) = 2.3 ± 0.2 
dB and {{Ap^^^t)^) = 2.2 ± 0.2 dB with respect to the 
vacuum noise level. From Eq. (3), we can calculate 
the variance of the sequentially teleported state from the 
added noise of each teleporter. The calculated variances 
are {{AxiZ"^)^) = 3.9 dB and {{Ap'^Z'^r) = 4.1 dB , 
which is in good agreement with the experimental re- 
sults. This confirms that our teleporters maintain their 
fidelities even when combining them. In principle, we 
can build a larger sequence of teleporters ( though at the 
expense of a further decreasing total fidelity ). 

To estimate the performance of a teleporter, we use the 
fidelity F = (Q^|pout|<^) for teleporting a coherent state 
with amplitude a yielding the output state Pout- For 
coherent-state inputs with unity gains, the fidelity can 
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FIG. 3: Measurement results of sequential teleportation for x quadrature ( p quadrature is not shown). In all figures, traces (i) 
show vacuum noise level, (a) Input coherent state. Trace (ii) shows the input state with phase scanned, (b) Teleported states 
for X quadrature. Trace (ii) shows the teleported states for a coherent state input with a phase of the input state scanned. 
Trace (iii) shows the teleported states for a vacuum input of which noise level corresponds to the variances of the output. The 
variance is 2.5 di 0.2 dB (that of p is 2.8 ± 0.2 dB ). (c) Sequentially teleported state. Trace (ii) shows sequentially teleported 
states for a coherent state input. Trace (iii) show the sequentially teleported states for a vacuum input. The variance is 3.9 it 0.2 
dB (that of p is 4.0 =b 0.2 dB ). The measurement frequency is 1 MHz, resolution and video bandwidths are 30 kHz and 300 
Hz, respectively. All traces except for (ii) are averaged 30 times. 



be written as [lH 



V[l + 4((Aiout)2)][l + 4{(Apout)2)]' 

The fidelity is calculated from the variances of the out- 
put states. The variances of the coherent state input is 
{{Axin)'^) = {{Apin)'^) = 1/4, hence the fidelity can be 
determined by the added noise of AEPR(a;) and Aepr(p). 
We calculate the fidelity from the measured variances us- 
ing Eq. (4). The performance of each teleporter is es- 
timated for a coherent-state input as Fi = 0.70 ± 0.02 
and F2 = 0.75 ±0.02 for teleporters 1 and 2, respectively. 
Note that our teleporters exceed both the classical limit 
Fci = 1/2 [ii,[20,[2i| and the no-cloning limit Fnc = 2/3 
(31I , [32| . We also calculate the fidelity between the in- 
put and the sequentially teleported state. The fidelity is 
F^^^ = 0.57 ± 0.02 which still exceeds the classical limit 
Fci = 1/2 and verifies the successful demonstration of 
two sequential quantum teleportations. 

Fig. 4 shows the Wigner functions reconstructed 
via optical homodyne tomography technique [33]. The 
Wigner function is a quasi-probability distribution de- 
fined by W{x,p) = f /d^exp(-4i^p)(x + ^|p|x-0 
[33, 34]. In optical homodyne tomography, we also use 1 
MHz sidebands of the carrier beam [35| . The output of a 
homodyne detector is high-pass filtered and then mixed 
with an electrical oscillator signal of frequency 1 MHz, 
which is the same frequency as for the creation of the 
input coherent state. The intermediate- frequency out- 
put of the mixer is low-pass filtered (the bandwidth is 30 
kHz) and recorded in a PC with an analogue-to-digital 
converter (ADC). The sampling rate of the ADC is set to 



300 kHz and we measure around 100,000 points with the 
local oscillator (LO) phase scanned. To reconstruct the 
Wigner function, we use the inverse Radon transforma- 
tion [33j, i35i]. Fig. 4 (a) shows the input coherent state. 
Fig. 4 (b) shows the teleported state and (c) shows the 
sequentially teleported state. Note that here we lock the 
phase of the input coherent state to ~ 45° with respect 
to the X quadrature. Although the teleported states have 
excess noise and turn into mixed states, the input state 
is clearly reconstructed after the two rounds of quantum 
teleportation. 



IV. SUMMARY 

In summary, we demonstrated two sequential quantum 
teleportations of coherent states of light. The experimen- 
tally determined fidelity for the sequentially teleported 
coherent states was well beyond the classical limit. These 
results imply the possibility of sequential quantum com- 
munication over several segments of a channel using ef- 
ficient Gaussian resources (combined with non-Gaussian 
distillation techniques [23]). Moreover, our experiment 
represents a first step towards sequentially manipulat- 
ing quantum information using entangled Gaussian re- 
source states. Future extensions of this work will include 
more general measurement-based Gaussian transforma- 
tions [30] and the use of non-Gaussian signal states as 
well as the addition of non- Gaussian measurements in 
order to achieve universal quantum information process- 
ing 



FIG. 4: Wigner function reconstructed by using optical homodyne tomography, (a) Input coherent state, (b) Teleported state, 
(c) Sequentially teleported state. In these measurement, we locked the phase of input coherent state ~ 45° from x quadrature. 
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